The pre-steady-state kinetics of phosphate formation from 5-enolpyruvylshikimate 3-phosphate catalysed by Escherichia coli chorismate synthase (EC 4.6.1.4) were studied by a rapid-acid-quench technique at 25°C at pH 7.5. No pre-steady-state 'burst' or 'lag' phase was observed, showing that phosphate is released concomitant with the rate-limiting step of the enzyme. The implications of this result for the mechanism of action of chorismate synthase are discussed.
INTRODUCTION
The shikimate pathway of plants is an Amrhein, 1980 ). An alternative site of action for new herbicides is the final enzyme in the pathway, chorismate synthase (EC 4.6.1.4), which catalyses the conversion of EPSP into chorismate (Scheme 1). Chorismate synthase (Mr 38 000) surprisingly requires a reduced flavin cofactor for activity, although the conversion of substrate into product does not involve any overall oxidation or reduction (White et al., 1988) . The trans stereochemistry of the 1,4-elimination of a proton and phosphate ion from EPSP (Hill & Newkome, 1969) is unexpected, since both theoretical and experimental models favour cis geometry for a concerted elimination reaction (Hill & Bock, 1978 (Floss et al., 1972) are discussed below. An alternative mechanism involving an allylic 1,3-shift of the phosphate group is unlikely, since the putative intermediate, iso-EPSP, is a good competitive inhibitor (K1 8.7 /iM for the Neurospora crassa enzyme) but not an alternative substrate (cf. Km 2.7 /tM for EPSP) (Bartlett et al., 1986) . We report here the pre-steady-state kinetics of phosphate release from functioning chorismate synthase.
The data are discussed in terms of the mechanisms outlined above.
MATERIALS AND METHODS
The purification of Escherichia coli chorismate synthase from an overproducing strain of E. coli, the purification of EPSP and the enzyme assay have been detailed previously (White et al., 1988; Coggins et al., 1987 (Thorneley & Lowe, 1985) . Two Hamilton gas-tight syringes (2.5 ml) were filled with equal volumes of 50 mM-Tris/HCl buffer, pH 7.5, with Na2S204 (2 mM) containing in one case EPSP (180 ftM) and in the other chorismate synthase (2 mg/ml) and FMN (35 /tM). Each datum point in Fig. I corresponds to a single 'shot' in which 0.2 ml of solution from each syringe was rapidly mixed and after a defined reaction time quenched with 0.4 ml of ice-cooled 1.0 M-HC104. Precipitated protein was removed from the quenched sample by spinning for 5 min in an Eppendorf centrifuge at 5 'C. The supernatant (0.75 ml) was neutralized with 0.37 ml of 1.0 M-NaOH and then freeze-dried overnight to reduce the volume. The phosphate in each sample was determined by the molybdate/Malachite Green method (Lanzetta et al., 1979) , which was modified as follows. Triton NIOI was used instead of Sterox detergent, freeze-dried samples were dissolved in the molybdate/Malachite Green reagent (1.5 ml) and after 3 min 1.56 M-citric acid (0.3 ml) was added. These reagent volumes were doubled when more than 30nmol of phosphate was expected in the sample. Phosphate added as an internal standard was recovered quantitatively with no significant hydrolysis of EPSP.
The concentration of chorismate synthase was determined by the biuret method, with BSA as a standard. of activity were lost during purification to homogeneity (White et al., 1988) . We would have detected a 'burst' even if the enzyme had been only 20 0o active (detection limit 2 nmol of phosphate in Fig. 1) . However, the simulations in Fig. 1 show that the quality of the data does not allow us to exclude a two-step mechanism in which P1 is released either in the first step (small 'burst' predicted) or in the second step (small 'lag' predicted), provided that both steps occur with rate constants of similar magnitude (approx. 36 s-1), i.e. twice the catalyticcentre activity of approx. 18 s-').
Our failure to observe a phosphate 'burst' on acid quenching shows not only that at pH 7.5 phosphate is released concomitantly with the rate-limiting step but also that EPSP is not bound, before the rate-limiting step, in a form that yields phosphate on quenching with acid. Consistent with this conclusion, when enzyme (2.6 nmol) containing oxidized FMN, in the absence of Na2S204, was incubated with EPSP (90 /tM) for 15 min and then acid-quenched, no phosphate was detected (the limit of detection was 0.2 nmol of phosphate corresponding to 80 of the enzyme monomer concentration).
The specific activity of the chorismate synthase increased with increasing enzyme concentration at a constant substrate concentration (Ki < IOUtM, EPSP concentration 90/tM). At enzyme concentration < 25, 100 and 1000 jtg/ml specific activities of 50, 150 and 400 nmol of Pi released/s per mg were measured. We therefore suggest that over this range of protein concentrations there is a change in quaternary structure of the enzyme that affects activity. A detailed analysis of this effect is beyond the scope of the current investigation. However, the mechanistic conclusions of this paper depend not on the state of the enzyme at a particular concentration but only on a measured steady-state rate of Pi release under the conditions of the rapid-quench experiments when no 'lag' or 'burst' phases were detected. Floss et al. (1972) have shown that the stereochemistry of 1,4-conjugate elimination of phosphoric acid from EPSP is anti and concluded that a concerted mechanism was unlikely. They therefore proposed a two-step mechanism (Scheme 1) in which a nucleophilic group X on the enzyme forms a covalent bond with C-I and displaces the phosphate in a syn SN2' process. Group X is subsequently removed in an anti E2 reaction involving the removal of the pro-R proton from C-6 by another basic group Y. The absence of a pre-steady-state burst of phosphate release (Fig. 1) shows that, if Scheme 1 describes the mechanism, then the rate of the initial release of phosphate must be the same as or lower than that of the elimination of group X. In this case X would need to be a similar or better leaving group than phosphate and eliminate via an E1 rather than an E2 mechanism (the pro-R proton on C-6 is too weakly acidic for an E2 process to be fast). It is difficult to suggest a candidate for X that Removal of a proton at C-6 by a basic group Y generates the enzyme-product complex.
Vol. 265 would be both sufficiently nucleophilic to displace phosphate and at the same time be an equally good or better leaving group than phosphate. Bartlett et al. (1986) observed that iso-EPSP, in which the phosphate group is present in C-1, is a good competitive inhibitor of EPSP. If a group X is involved in EPSP binding and activation, the phosphate group at C-1 of iso-EPSP would be expected to interact unfavourably with group X, thereby greatly decreasing the affinity of the enzyme for this inhibitor. Therefore the K, of 8.7 /,M for iso-EPSP when compared with the Km of 2.7 /tM for EPSP (N. crassa enzyme) suggests that a group X is not present at the active site and provides further evidence against the mechanism shown in Scheme 1. A simpler mechanism shown in Scheme 2, involving a carbonium ion intermediate, is entirely consistent with the data in Fig. 1 . The elimination of a proton from position C-I of the carbonium ion should be much faster than the loss of phosphate that generates this intermediate. Similar mechanisms involving the stabilization of carbonium or oxonium ion intermediates have been proposed for isopentyl pyrophosphate isomerase (Cornforth, 1973) , glycosidases (Lalegerie et al., 1982) , EPSP synthase (Anton et al., 1983) and squalene synthase (Sandifer et al., 1982) .
A third possibility, also consistent with the data in Fig.  1 , is that when EPSP binds to chorismate synthase the ring is distorted so as to favour a concerted trans-1,4-elimination without either the involvement of a covalent bond to group X (Scheme 1) or the formation of a transient carbonium ion (Scheme 2). Although cis-elimination is preferred on theoretical grounds, chemical model studies (Hill & Bock, 1978) were equivocal. It is possible that activation energy differences between cisand trans-elimination processes are small and that only a small distortion of the EPSP ring would be necessary to induce the observed trans stereochemistry. The carbonium ion mechanism of Scheme 2 is, of course, a limiting case of such a distortion.
We have shown that phosphate is released in the ratedetermining step of chorismate synthase. It therefore becomes important to determine the kinetic isotope effect when the pro-R 'H on C-6 is replaced by 2H. A pronounced effect would favour the concerted trans process, no effect the carbonium ion intermediate. In addition, our failure to observe a pre-steady-state burst for phosphate release places constraints on any proposed mechanism and allows us to exclude a Floss et al. (1972) 'X group mechanism' in which phosphate is eliminated faster from EPSP than chorismate is released from the enzyme.
